Abstract -In this paper, we present a joint channel estimation and synchronization technique for burst-mode OFDM systems. The technique uses the non-linear recursive least squares algorithm (NL-RLS) to jointly estimate the channel impulse response (CIR), the carrier frequency offset (CFO), the sampling clock offset (SCO), and the timing offset, and to correct for each of these in the digital domain and without the use of a delay-locked loop (DLL). The need for pilot symbols in the payload data is eliminated by a decision-directed operation mode. The time-domain NL-RLS algorithm needs a small number of parameters to be estimated and can suppress the effect of decision feedback errors.
I. INTRODUCTION
Orthogonal frequency division multiplexing (OFDM) has become increasingly popular in wireless communications due to its high transmission rate capabilities and its robustness to multipath fading.
It is known, however, that OFDM performance is sensitive to frequency synchronization errors at the receiver [1] [2] [3] . Synchronization errors introduce inter-carrier interference (ICI) that destroys orthogonality between OFDM carriers. Accurate channel estimation is also critical as it can affect the performance of frequency-domain channel equalization. The presence of synchronization errors can adversely affect the channel estimates at the receiver, and hence system performance. Therefore, methods for achieving better synchronization in OFDM have attracted considerable attention.
Synchronization in OFDM systems involves carrier frequency and timing recovery. OFDM systems have high sensitivity to carrier frequency offsets (CFO) that cause ICI. In timing recovery, both sampling instant and symbol frequency must be accurately determined.
Timing synchronization is further complicated as a sampling clock offset (SCO) can cause clock drift which affects the location of the FFT window used in demodulation and causes intersymbol interference (ISI) [2] . In burst-mode transmission, estimation of CFO, SCO, symbol offset, and channel parameters can each be performed independently as in [2] [3] [4] . CFO is estimated based on correlation properties of the data preamble, timing recovery is achieved using a DLL-based approach, and channel estimation is performed using leastsquares (LS) estimation of the frequency response. Separate estimation can be problematic, as the interdependence between the parameters may limit performance and require multiple iterations of coarse and fine synchronization, as noted in [5] . A joint estimator of these parameters is beneficial as it takes into account the relation between the parameters and reduces the overhead necessary for achieving a certain system performance. This is especially important in burst-mode systems, where the data burst is relatively short and the overhead of preamble and pilot data must be kept to a minimum.
Joint estimators of synchronization parameters are presented in [6] [7] [8] . Each of these treats only two of the four distortions mentioned above. Due to the non-linearity of the modeling expressions, the authors chose to perform estimation in the frequency domain where they treat the effects of CFO and SCO as a phase rotation. This ignores the effect of ICI in the modeling, which may yield a sub-optimal estimator. The strategy also requires channel estimation in frequency domain.
In this paper, a decision-directed algorithm that jointly estimates and tracks the channel impulse response (CIR), CFO, SCO and symbol timing offset is presented. The non-linear recursive least-squares algorithm (NL-RLS) presented in [9] is employed to perform the estimation with relatively low complexity using a non-linear time-domain estimation error. The time-domain implementation improves estimator performance because of the reduced number of channel parameters to be estimated and the exact modeling of the effects of CFO and SCO. Decision feedback, which provides the estimator with more information than pilot tones would, is employed and a time-domain estimation error makes the estimator robust to decision feedback errors that would otherwise degrade the performance of a frequency-domain estimator. Simulation results show that the technique provides low variance estimates of the channel and synchronization parameters as compared to the Cramer-Rao lower bound (CRLB) and offers significant system performance gains when compared with the techniques in [7] [10] . Justification for the use of an RLS-type algorithm is also provided by comparing the convergence speed of the algorithm with that of the LMS.
II. OFDM SIGNAL MODEL
Consider an OFDM system with N sub-carriers. Let
be the transmitted frequency-domain symbol, where i represents the OFDM symbol number and k denotes the sub-carrier index. Each OFDM symbol is first modulated by N sinusoidal sub-carriers using the IFFT:
US Government work not protected by US copyright The impulse response sampled at rate of 1/T', can be represented by a vector of v samples as
The length v of the impulse response satisfies
that under the assumptions of perfect timing and carrier frequency synchronization, orthogonality of carriers is maintained at the receiver. At the receiver, oscillator frequency errors and channelinduced Doppler shifts will cause the received signal to be modulated onto a carrier f ∆ . In the discrete domain, the CFO is usually represented as a relative frequency offset Provided that the timing offset ς in samples is restricted to
where a negative offset represents an early FFT window at the receiver, the effect of a timing offset can be represented as a rotation in the frequency domain that can be incorporated into the channel frequency response. If the timing offset lies outside this range, ISI will affect the demodulation and also cause ICI. In this case, the received frequency-domain symbol is expressed in terms of the transmitted symbol under the assumption of an AWGN channel in [2] .
In the event of perfect symbol timing, the received timedomain samples after removal of the cyclic prefix can be expressed as 
Given that ε and η are small, the expression in parentheses in Eq. (4) can be approximated as a channel frequency response defined as:
Substitution of Eq. (7) into Eq. (4) shows that the effect of a SCO can be modeled as a transmitter with a modified definition of the IFFT, a channel impulse response that is dependant on the CFO and SCO, and the addition of the interference term n β . The simulation platform used to generate the results in Section IV has been designed using these three modifications. Although the estimation algorithm described in the next section ignores the interference term, the effect on its performance will be minimal as the estimator is adaptive and only the first v samples of each OFDM symbol after cyclic prefix removal are affected by the interference.
III. JOINT CHANNEL ESTIMATION AND SYNCHRONIZATION TECHNIQUE
Application of an RLS-type algorithm to the estimation of channel and synchronization parameters in time domain results in an estimator that attempts to minimize the cost function after transmission of M OFDM symbols, given by: 
and n ⊗ represents the n th element of the circular convolution of two N point sequences. Representing the cost function in terms of a circular convolution of the transmitted signal with the channel impulse response reduces the number of parameters to be estimated by the algorithm. It also improves performance of the decision feedback approach since a single decision error is evenly distributed over the collection of samples used in adaptive estimation, rather than having its entire weight on a single sample. The presence of synchronization-offset parameters in the model for the received samples makes the estimation error m , n e a non-linear function of the estimated parameters. A linear adaptive algorithm cannot be applied to estimate the unknown weight coefficient in this case. To allow application of traditional adaptive algorithms, the estimation error is first linearized about the estimate at the iteration corresponding to sample 1 n − of OFDM symbol m using a first order Taylor series approximation:
is the gradient of the non-linear function with respect to the coefficient vector evaluated at the estimate corresponding to time sample 1 n − . This approximation yields a linear estimation error of the form
where
The CRLS algorithm of [12] is applied using the variables in Eq. (12) as inputs to yield the NL-RLS algorithm.
To ensure stability of the algorithm, the gradient vector must have a finite magnitude, which is not the case due to the linearly increasing phase terms representing both CFO and SCO in Eq. With these changes, the non-linear function () f will be given by
A block diagram of the resulting estimator that applies the NL-RLS to the non-linear model in equation (14) is shown in Figure 1 .
Timing offset estimation is achieved by modifying the FFT window when the value of φ indicates that the SCO has caused a clock drift that exceeds a single sample. This ensures that ISI will never corrupt the input data and that the estimation model given in equation (14) remains correct. A coarse symbol timing synchronization applied to the burst preamble using the method described in [2] is used to ensure the decoder begins sampling in the ISI-free region.
Figure 1: OFDM Receiver with Joint Channel Estimation and Synchronization Algorithm

IV. SIMULATION RESULTS
Simulations of the proposed technique were performed in the IEEE802.11a environment [11] in the absence of coding. A 64-QAM constellation was used for 52 data sub-carriers and pilot tones were replaced with data. A zero-weight vector as initial guess was used with a forgetting factor of 1 for the RLS, and iterations were performed over the long training symbols only (128 samples). To ensure initial convergence from the all zeros initial guess, the elements of the gradient vector corresponding to the synchronization parameters were set to zero for the first long training symbol to gain an initial coarse estimate of the channel. A burst length of 35000 bits was used and CFO and SCO values of 100Hz were assumed. A CFO of 100Hz assumes the presence of a correlation -based coarse synchronization step applied to the short training symbols. Figure 2 , Figure 3 , and Figure 4 show the measured variance of the joint estimator for the CFO, SCO and CIR, respectively, using two different values of the forgetting factor λ . Simulations were performed for an exponentially decaying Rayleigh fading channel with ns 25 T RMS = as suggested in [13] .
The results show an increase in convergence speed for non-unity values of the forgetting factor. However, values of λ smaller than 0.998 caused instability of the algorithm, which demonstrates that the NL-RLS functions best with infinite memory. The figure confirms the importance of choosing the RLS for an estimator in burst mode, which requires fast convergence to reduce the overhead of training data. The mean square deviation (MSD) floor is reached within two OFDM symbols for the NL-RLS, while convergence of the NL-LMS is much slower.
In Figure 6 , the system performance of the joint estimator is compared with the estimation methods in [7] and [10] . The advantage of using a joint approach over independent estimation of the synchronization and channel estimation parameters as done in [10] is evident. The NL-RLS method has a 2dB improvement over method [7] at reasonably low SNR's due to its time-domain approach, which does not make any simplifying assumptions regarding the CFO and SCO. The gain increases at higher SNR, where the distortion is dominated by ICI and ISI, which confirms the advantage of a time domain approach. Finally, despite the use of decision feedback, the NL-RLS method has acceptable performance at low SNR as the algorithm is not adversely affected by decision feedback errors. 
V. CONCLUSIONS
In this paper, we proposed a technique using the NL-RLS with decision feedback for jointly estimating the channel and tracking the CFO, SCO, and timing in a burst-mode OFDM system. The method has a superior performance over a wide range of E s /N o in both AWGN and exponentially decaying Rayleigh fading channels, when applied to the IEEE802.11 environment. The technique maintains a good performance at low E s /N o due to the reduced effect of decision errors. The method also benefits in efficiency by shortening the length of the preamble needed to achieve a certain performance level, and by eliminating the need for pilot tones in the burst. Furthermore, the tracking technique can also account for variations in the channel that may occur in a single burst. This allows for an increase in the burst length.
